In all-ceramic restorations involving a zirconia framework, surface treatment of the zirconia surface is required to enhance bonding strength with the veneering ceramics and thus prevent chipping. The purpose of the present study was to investigate the influence of surface roughness and heat treatment of the zirconia and use of liner porcelain on bond strength between veneering ceramics and a zirconia framework. Debonding/crack-initiation strength (b) was determined according to ISO 9693. No significant difference was observed among conditions, except with use of a liner under heat treatment, which yielded a b of 26.0±2.9-28.9±1.7 MPa. Electron probe microanalysis revealed that components of the veneering ceramics remained on the zirconia surface after debonding, suggesting that fractures occur in the veneering ceramics and that improving the strength of the veneering ceramics themselves might increase bond strength.
INTRODUCTION
All-ceramic crown and fixed partial denture restoration in the molar area became possible with the advent of the zirconia framework, as zirconia, and especially tetragonal zirconia polycrystal (TZP), has high fracture strength and toughness 1, 2) . However, all-ceramic restorations using veneering ceramics fused to a TZP framework showed a chipping rate of 13% within 3 years 3) and 15.2% within 5 years 4) . In contrast, the fracture rate of metal ceramics at 10 years is reported to be only 8%-10% 5, 6) . Therefore, it is important to improve the bond strength between veneering ceramics and the framework for the long-term clinical success of all-ceramic restorations using TZP.
The bond strength between zirconia and veneering ceramics is influenced by many factors [7] [8] [9] . Bonding mechanisms include chemical bonding, mechanical fitting, and shear stress based on the difference in the coefficient of thermal expansion between the TZP and the veneering ceramics. One report has suggested that TZP and veneering ceramics bond chemically 10) , while other reports have suggested that bonding takes place through mechanical interlocking 11, 12) . Thus, no conclusion has been reached regarding the bonding mechanism itself.
Factors influencing the bond strength between zirconia and veneering ceramics include surface roughness, heat treatment of the TZP and the use of liner porcelain.
Sandblasting is performed to improve the bond strength between the TZP framework and the veneering ceramics 13, 14) . It was reported that bond strength improved with increase in surface roughness 15) . However, the influence of surface roughness on bond strength remains to be elucidated. Some studies have suggested that sandblasting induces transformation from the tetragonal to the monoclinic phase, thus affecting bond strength 16, 17) . The coefficient of thermal expansion of monoclinic zirconia is 7.5×10 −6 /°C, and that of tetragonal zirconia is 10.8×10 −6 /°C. Accordingly, an increase in the difference in the coefficient of thermal expansion between the TZP framework and the veneering ceramic leads to a decrease in bond strength 18) . Heat treatment of the TZP framework for 5 min at approximately 1,000°C prior to commencement of the veneering process is recommended 19) . Induction of the monoclinic zirconia phase by sandblasting is reversed by heat treatment 17) , with a concomitant alteration in the coefficient of thermal expansion.
Liner porcelain is used to adjust the color of the ceramic by blocking out the color of the TZP. It has been suggested that liner porcelain influences the bond strength between TZP and veneering ceramics. The reports are conflicting, however, with some indicating an increase in bond strength 15) and some indicating a decrease 20) . Therefore, the purpose of the present study was to investigate the influence of roughness and heat treatment of the zirconia surface and use of liner porcelain on bond strength between veneering ceramics and a zirconia framework. In addition, electron probe microanalyses of debonding specimens were performed to reveal whether the components of the veneering ceramics remained on the TZP surfaces. Table 1 shows the TZP and veneering ceramics used in the present study. Three-percent yttria-stabilized tetragonal zirconia polycrystal (TZ-3YB-E, Tosoh, Tokyo, Influence of surface treatment on bond strength of veneering ceramics fused to zirconia Japan) powder was sintered at 1,350°C for 2 h. A block 3.0×25.0×70.0 mm in size was fabricated and cut into 3.0×25.0×0.5 mm slices using a diamond cutter (Fine Cut, Heiwa Technica, Tokyo, Japan). Liner porcelain (Cerabien ZR SBA3, Noritake, Nagoya, Japan) and dentin porcelain (CerabienZR A3B, Noritake, Nagoya, Japan) were used for the veneering ceramics.
MATERIALS AND METHODS

Materials used in this study
Specimen preparation
Surface treatment and heat treatment The prepared TZP slices were ultrasonically cleaned with acetone and distilled water and the surfaces treated under the conditions shown in Table 2 . Polishing (MS) was performed using #280, #600, and #1,200 SiC papers, followed by 9 and 3 µm diamond pastes and finally buff and colloidal silica. Fifty and 120 µm alumina particles were used for sandblasting (SB). The distance between the jet nozzle and the sample was 5 cm, and blasting was performed at 0.4 MPa for 30 s.
Heat treatment was performed using a porcelain furnace (Cerafusion, JELENKO, Armonk, NY, USA). The temperature was set to rise from 650°C at a rate of 50°C/min until it reached 1,000°C, at which level it was held for 5 min (Table 2) .
Porcelain veneering
The veneering and firing of the veneering ceramics were performed according to ISO 9693:1999 21) . One millimeter thick veneering ceramics were built up to an 8.0×3.0 mm area at the center of a 25.0×3.0 mm TZP surface using a specially fabricated mold. Liner was built up to a thickness of 0.1-0.2 mm, giving a total thickness of 0.6-0.7 mm including the TZP as determined using a micrometer (MDC-SB, Mitsutoyo, Tokyo, Japan). Subsequently, the building up and firing of the dentin was carried out. The total thickness of the liner and dentin was adjusted to 1.0 mm. Table 3 shows the firing schedule of the veneering ceramics. Firing was performed according to the method recommended by the manufacturer. A total of 6 specimens were fabricated for each combination. Table 4 shows the treatment conditions and code used in the present study to investigate the bond strength between the TZP and the veneering ceramics. Noritake, Nagoya, Japan Table 2 Surface treatment and heat treatment 
Surface observation and roughness measurement
The features of the TZP surface were observed after each surface treatment using a scanning electron microscope (3D-SEM: ERA-8900FE, Elionix, Tokyo, Japan). The arithmetic mean roughness (Ra) was measured with a surface profile measuring instrument (Surfcom 130A, Tokyo Seimitsu, Tokyo, Japan) with a measurement length of 4 mm and cutoff value of 0.8 mm. Three specimens were used for each condition, and each specimen was measured at 3 points.
X-ray diffraction (XRD)
The amounts of monoclinic and tetragonal phase on each specimen before and after heat treatment were determined using an X-ray diffraction system (RINT-2000, Rigaku Corporation, Tokyo, Japan) equipped with a position-sensitive proportional counter (PSPC). X-ray output was set at Cu-K, 40 kV and 200 mA. For measurement, the incident beam was focused onto a beam spot 100 µm in diameter using a collimator. XRD measurement was performed in around of the center of the specimens. Three specimens were used for each condition. The relative amount of the monoclinic phase was calculated based on the method of Garvie and Nicholson 22) .
Measurement of bond strength (debonding/crackinitiation strength)
Bond strength between the TZP and the veneering ceramics was determined by assessing debonding/crackinitiation strength with the Schwickerath crack initiation test (SCT) 23) as specified in ISO9693:1999. The sample was set in the jig with a inter-support distance of 20.0 mm and punch radius of 1.0 mm ( Fig. 1-a) . The veneering ceramics of the samples were set on the tensile side. Three-point bending tests were performed using a universal testing machine (AG-I 20 kN, Shimadzu, Kyoto, Japan) at a crosshead speed of 1.0 mm/min ( Fig.  1-b) . Tests were performed until the veneering ceramics were debonded from the TZP as illustrated in Fig. 2 . Fracture force (Ffail) in each of the 6 specimens, designated as occurring at the point at which debonding was initiated, was measured. It was confirmed by visual observation that no specimens showed failure by cracking in the middle of the veneering ceramic layer, as recommended by ISO9693:1999. Debonding/crackinitiation strength (b) was calculated using Ffail according to the following formula: b= k×Ffail Coefficient k was determined by the sample profile and the Young's modulus of Y-TZP (210 GPa) referring to ISO9693:1999.
Observation of debonding specimens and EPMA analysis
Observation of surfaces and cross-sections of debonding specimens was carried out using a optical microscope (OM, BX-1: Olympus, Tokyo, Japan) and scanning electron microscope (SEM, JSM-6340F, JEOL, Tokyo). Polished, without heat treatment (w/o HT) and with liner (Liner) specimens were selected for observation. For cross-sectional observation, the specimens were embedded in epoxy resin. After curing the resin, the specimens were cut through the middle using a cutting machine to observe longitudinal cross-sections. These specimens were ground down with #1,200 SiC papers, polished with buff and colloidal silica, and then ultrasonically cleaned with ethanol and distilled water. Elemental analyses were performed using an electron probe microanalyzer (EPMA, JXA-8200, JEOL, Tokyo, Japan).
Statistical analysis
For the analysis of debonding/crack-initiation strength, analysis of variance (ANOVA) was performed, followed by the Sheffe's multiple comparison test. Figure 3 shows SEM images of the TZP after each surface treatment. Whereas the MS surface was completely smooth, the SB50 and SB125 surfaces showed a rough texture. The Ra was 0.08±0.02 µm in MS, 0.55±0.10 µm in SB50 and 1.07±0.07 µm in SB125.
RESULTS
Surface morphology
XRD
The ratio of monoclinic phase after sand blasting was 5.0±0.2%, whereas that ratio after both sand blasting and heat treatment was only 0.6±0.2%. Figure 4 shows debonding/crack-initiation strength (b). roughness. Three-way analysis of variance showed that there were no significant differences in surface roughness, heat treatment and use of liner. Accordingly, two-way analysis of variance was performed. Table 5 and 6 show the result of the two-way analysis of variance, with surface roughness as factor A and Liner or w/o Liner as factor B, on HT condition and w/o HT condition, respectively. On HT condition, using of a liner increased the strength, a significant difference was observed between with and without liner under HT (p<0.05). On HT condition, the b was 27.8±2.3 MPa with a liner and 
Debonding/crack-initiation strength (b)
Observation of debonding specimens and EPMA analysis
The OM and SEM observations and EPMA analysis of typical examples of MS, w/o HT and Liner specimens are shown in Fig. 5-9 . Figure 5 shows OM and SEM images of the debonding surface. In the OM image ( Fig. 5-a) , the upper figure shows the TZP side and the lower figure the veneering ceramics side. Optical microscopy revealed small amounts of veneering ceramics attached to the TZP surface at both ends (arrows). (Fig. 6 ), Si and Al were observed around the defective area in the SEM images, while Zr and Y were observed in the round-shape defects, indicating that a layer of veneering ceramics remained on the TZP surface; the TZP was visible through the defects, which seemed to be air bubbles. On the veneering ceramics side (Fig. 7) , Si and Al were also observed in most areas. No elements were detected in the round-shape defects, indicating the presence of air bubbles. Among others, small particles of Zr were observed, probably of zirconium silicate origin. These analyses showed that fractures occurred in the veneering ceramics. Figure 8 shows an OM image of a cross-sectional surface at the right edge where the veneering ceramics debonded. A layer of veneering ceramics remained over the TZP substrate in the debonding cross-sectional surface (arrows). Figure 9 shows EPMA analysis images of a debonding cross-sectional surface (area surrounded by square in Fig. 8) . A layer of Si and Al, veneering ceramic components, was observed over the TZP substrate, showing that veneering ceramics remained on the TZP surface.
These results showed that fracturing occurred not at the interface itself, but within the layer of veneering ceramics near the interface with the underlying TZP.
DISCUSSION
In the present study, debonding/crack-initiation strength was measured according to metal-ceramic dental restoration system ISO9693:1999 to determine the bonding strength of veneering ceramics to TZP. Since the Young's modulus of Y-TZP (210 GPa) and veneering ceramics (80 GPa) differs significantly, stress distribution on the veneering ceramics side is of concern when a Si and Al, components of ceramics, were observed around defective area on SEM images. Zr and Y were confirmed in defective area.
bending load is applied. However, this standard is applied not only to noble metal alloys (Young's modulus: around 100 GPa), but also base metal alloys (Young's modulus: around 200 GPa), which show a young's modulus close to that of Y-TZP. Earlier studies have evaluated the properties of veneering ceramics bonding to TZP using this standard 24) . Debonding/crack-initiation strength was 26.0-28.9 MPa in the present study, which was greater than the 25 MPa specified in ISO 9693 under all conditions. This result was consistent with those of previous studies employing the same method 24) . In addition, visual observation revealed that no specimens failed by cracking in the middle of the veneering ceramic layer. Accordingly, we believe that this standard is applicable to the evaluation of bond strength between TZP and veneering ceramics of low fracture strength such as the dental porcelain used in this study. Application of this standard may be unsuitable for veneering ceramics of high fracture strength, however, indicating the need to establish a more effective test method.
Earlier studies using a shear test, the method usually used to determine bond strength, found that bond strength between TZP and veneering ceramics varied from 9.4 25) to 31.0 MPa 26) . We believe that the considerable disparity between these results is due to the fact that no standards have been established with regard to sample preparation, study conditions or methods of evaluation.
Influence of surface roughness
Polishing and sandblasting with 50 and 125 µm alumina (Ra=0.08-1.07 µm) was performed with reference to earlier studies 14, 17, 20) . Nakamura et al. 15) reported that bond strength between TZP and veneering ceramics increased due to a rise in the surface roughness of the TZP by sandblasting. However, another study reported that bond strength decreased 27) . Although some studies have indicated that bond strength increases on surfaces Si and Al were observed in regions other than defective area in SEM images; small particles of Zr were detected, probably of zirconium silicate origin. with increase in roughness, others have suggested that phase transformation of TZP by sandblasting may adversely affect bond strength 18) . In the present study, surface roughness showed no influence on bond strength. The results of the EPMA analysis suggest that fracturing of the veneering ceramics occurred near the TZP surface. This indicates that difference in TZP surface roughness had no influence on bond strength.
Influence of heat treatment
The results of the present study showed no difference in bond strength between with or without heat treatment. The strength of Y-TZP decreases with sandblasting, and it has been reported that biaxial flexural strength decreases by 10% 28, 29) . Sandblasting induces the phase transformation of TZP, which causes a decrease in strength. Heat treatment is performed to recover TZP strength by restoration of tetragonal zirconia 18) . Manufacturers recommend heat treatment of TZP before build-up of veneering ceramics. Factors influencing the strength of bonding between veneering ceramics and TZP include change in the coefficient of thermal expansion of the TZP by phase transformation. The coefficients of TZP thermal expansion are 10.8×10 −6 /°C in tetragonal zirconia and 7.5×10 −6 /°C in monoclinic zirconia 30) . Bond strength changes depending on the ratio of monoclinic crystals to tetragonal zirconia, with a larger ratio of the former resulting in a smaller coefficient of thermal expansion. No influence of heat treatment was noted in the present study. Denry et al. reported that monoclinic zirconia changed to tetragonal zirconia by heat treatment of Y-TZP at 500°C for 1 min 31) . The present results support this earlier finding.
Influence of liner
Liner is generally used to improve the restoration color after the firing of veneering ceramics when white TZP is employed as a framework. However, the presence of a liner decreases the bond strength between TZP and veneering ceramics and increases the fracture rate on the interfacial surface 17) . In the present study, bond strength slightly increased with use of liner or heat treatment.
As described above, TZP crystals may undergo phase transformation from monoclinic to tetragonal zirconia with heat treatment. However, not all crystals undergo phase transformation to tetragonal zirconia, and 0.6% of the zirconia remains as monoclinic zirconia 28, 29) . In the present study, the ratio of monoclinic phase after both sand blasting and heat treatment was 0.6±0.2%. Accordingly, we believe that the coefficient of thermal expansion of TZP slightly decreases with the presence of remaining monoclinic zirconia, leading to a coefficient of thermal expansion close to that of liner. Specifically the coefficient of thermal expansion of the liner used in the present study (SBA3) was 8.9×10 −6 /°C, and that of the Fig. 9 EPMA analysis image of debonding cross-sectional surface (area surrounded by square in Fig.8 ).
Si and Al, components of veneering ceramics, were observed. dentin (A3B) was 9.1×10 −6 /°C, suggesting that the coefficient of thermal expansion of monoclinic zirconia harmonized with the liner ceramics, resulting in a small coefficient of thermal expansion. The results of the present study largely differ from those of previous reports. No adverse effects from liner use were observed, suggesting that such liners work effectively.
EPMA analysis
The results of the EPMA analysis showed the presence of Si and Al, components of veneering ceramics, with thin layer on the surface of the TZP after bond strength measurement. These results revealed that a layer of veneering ceramics remained on the TZP surface, despite adhesive failure occurring between the TZP and veneering ceramics according to visual observation. These phenomena were recognized on the specimens without liner that were fired only one-time.
This suggests that fractures occur in the veneering ceramics, which is not consistent with previous reports showing that veneering ceramics did not chemically bond to TZP 11, 12) . In the present study, it is possible that the veneering ceramics bonded to the TZP. The present results confirmed that fracture occurred in the veneering ceramics near the TZP. This may explain why there was no difference in debonding/crack-initiation strength among the conditions in this study.
The debonding/crack-initiation strength was 26.0-28.9 MPa in the present study, which was greater than the 25 MPa specified in ISO 9693, under all conditions, suggesting that restorations using TZP and veneering ceramics may be applicable in a clinical setting. In addition, EPMA analysis of the debonding surface showed a layer of remaining veneering ceramics on the TZP surface. It is possible that the bond strength between TZP and veneering ceramics might be increased by improving the strength of the veneering ceramics themselves, leading to a decrease in chipping. We also believe that chipping could be decreased by fabricating a coping of veneering ceramics of uniform thickness such as a metal ceramic crown, in addition to shaping the veneering ceramics so as not to cause stress concentration.
